Abstract. Understanding the relationship between black carbon (BC) and carbon monoxide (CO) will help improve BC emission inventories and the evaluation of global/regional climate forcing effects. In the present work, the BC (PM 1 ) mass concentration and CO mixing ratio were continuously measured at a high-altitude background station on the summit of Mt. Huang (30.16 • N, 118.26 • E, 1840 m a.s.l.). Annual mean BC mass concentration was 1004.5 ± 895.5 ng m −3 with maxima in spring and autumn, and annual mean CO mixing ratio was 424.1 ± 159.2 ppbv. A large increase of CO was observed in the cold season, implying the contribution from the large-scale domestic coal/biofuel combustion for heating. The BC-CO relationship was found to show different seasonal features but strong positive correlation (R > 0.8). In Mt. Huang area, the BC/ CO ratio showed unimodal diurnal variations and had a maximum during the day (09:00-17:00 LST) and minimum at night (21:00-04:00 LST) in all seasons, indicating the impact of planetary boundary layer and the intrusion of clean air masses from the high troposphere. Back trajectory cluster analysis showed that the BC/ CO ratio of plumes from the Eastern China (Jiangsu, Zhejiang provinces and Shanghai) was 8.8 ± 0.9 ng m −3 ppbv −1 . Transportation and industry were deemed as controlling factors of the BC-CO relationship in this region. The BC/ CO ratios for air masses from Northern China (Anhui, Henan, Shanxi and Shandong provinces) and southern China (Jiangxi, Fujian
Introduction
Black carbon (BC) is an important component of atmospheric aerosols and a short-lived climate forcing agent, and it is mostly produced by the incomplete combustion of fossil fuels and bio-fuels used for energy (Bond et al., 2004) . Industrial and residential mobile resources as well as biomass burning account for to its major emissions. Suspended BC could disturb the vertical temperature distribution in the atmosphere by absorbing more solar radiation (Babu et al., 2002; Chung and Seinfeld, 2005; Badarinath and Latha, 2006) , and it also serves as cloud condensation nuclei and thus alters cloud properties (e.g., color, formation, life span, and albedo) and affects the level of radiation reaching the surface Nenes et al., 2002; Cozic et al., 2008; Kuwata et al., 2009; Liu et al., 2009) . Fine-mode BC particles increase the regional atmospheric opacity (Seinfeld, 2008) and have detrimental health effects (Oberdörster and Yu, 1990) . Severe environmental problems such as the acceleration of glacier melting have been found to be associated with BC deposition on snow surfaces (Ming et al., 2008; Ramanathan and Carmichael, 2008; Ming et al., 2009; Thevenon et al., 2009) . Recently, observations and modeling have increasingly suggested a relatively strong positive climate forcing effect of black carbon. BC forcing at the top-ofatmosphere was estimated to be as much as 55 % of the CO 2 forcing with a mean value of 0.9 W m −2 (and range from 0.4 to 1.2 W m −2 ) (Ramanathan and Carmichael, 2008) . The extent of BC-induced warming is highly determined by the atmospheric loading of soot particle mass concentrations (Sato et al., 2003) , sulfate and organic coatings (Ramana et al., 2010) , their shapes (Adachi et al., 2010) and mixing state (Jacobson, 2001; Schwarz et al., 2008; Naoe et al., 2009 ).
Significant emissions of pollutants (e.g., BC and CO) in East Asia due to ever-quickening industrial development, surging automobile ownership, and intensive seasonal burning of biomass are well known (Streets et al., 2001; Bond et al., 2004; Streets and Aunan, 2005; Zhang et al., 2009 ). Bottom-up statistical methods, widely used to investigate regional emission inventories (Streets et al., 2001; Cao et al., 2006; Ohara et al., 2007) , indicate that more than onefourth of BC originates from China; however, variations in the emission strengths of different fuel types and combustion conditions produce large uncertainties (Bond et al., 2004) . Long-term measurements of BC in highly polluted and remote areas are of importance for a better estimating regional characteristics and constraining the highly uncertain emission rate of BC (Kondo et al., 2006; Han et al., 2009) . Carbon monoxide (CO) is another byproduct of the incomplete oxidation. A remarkable correlation between BC and CO has been found in a number of studies (Jennings et al., 1996; Derwent et al., 2001; Badarinath et al., 2007; Spackman et al., 2008) , which make BC/ CO (BC minus background BC, and CO minus background CO) as a good indicator both for distinguishing different pollutant sources in case studies (Kondo et al., 2006; Spackman et al., 2008; Han et al., 2009; Subramanian et al., 2010) and validating BC emission inventories for models (Derwent et al., 2001; Dickerson et al., 2002) . In present work, we mainly focus on the BC-CO relationships from anthropogenic sources in Eastern China (Sect. 4) based on concurrently measured BC and CO mass concentrations at Mt. Huang. Seasonal and diurnal variations of BC and CO (Sect. 3) are reported, and the impact of biomass burning on BC-CO relationship (Sect. 5), and factors affecting BC-CO relationship (Sect. 6) are discussed. Photochemical production of CO through oxidation of CH 4 and other volatile organic compounds, comparatively smaller than direct anthropogenic emissions in East Asia, would not be addressed in this study.
Experimental

Site description and meteorology
BC and CO concentrations were continuously measured at a meteorological station on the summit of Mt. Huang (30.16 • N, 118.26 • E, 1840 m a.s.l., Anhui province). The site is located at the southern edge of the North China Plain, a heavy polluted region owing to its intense industrial/residential activities (Li et al., 2008) and open burning of biomass during harvest seasons (Yamaji et al., 2010) . Pollution emitted from the Yangtze River Delta metropolis clusters (about 200 km to the northeast) was also easily transported to the site with the prevailing northeast wind. According to the NASA INTEX-B emission inventory , about 4585 Gg yr −1 PM 2.5 , 607 Gg yr −1 BC and 61210 Gg yr −1 CO were emitted in 2006 via anthropogenic activity in the region of the North China Plain, accounting for more than 35 % of total emissions in China. According to bottom-up statistical techniques, emission of BC and CO were usually constructed on the basis of energy consumptions from different economic sectors and available experimental emission factors (Streets et al., 2001; Cao et al., 2006; Zhang et al., 2009) . A map of BC/ CO ratio for East China was shown in Fig. 1 . Other considerations in the site selection were that the region was uninhabited, the surrounding 1500 km 2 had over 80 % vegetation coverage of deciduous/coniferous mixed forest and grass, and local-source pollution produced by tourists was very limited. Mt. Huang has a subtropical monsoon climate, distinct seasons and abundant rainfall in summer (peaking in July). According to statistical analysis of 48-hour air mass back trajectories (Hysplit4 version 4.9u, http://ready.arl.noaa.gov/HYSPLIT.php), about 38 %, 45 % and 17 % of air mass were from northerly (NE-W section), southerly (W-ESE section) and easterly (ESE-NE section) directions, respectively. This obvious difference in air mass pathways allowed investigation of the origins and transport of pollutants.
Measurements and error analysis
BC mass concentration was measured at 1 min time intervals using a multiple-angle absorption photometer (MAAP, Model 5012, Thermo Inc.). Air samples drawn from the ambient atmosphere passed through a 5 m long, 0.5 inch wide conductive tube and a PM 1 cyclone (cut-off diameter of 1 µm, URG-2000-30EHB, USA). Assuming the BC massequivalent diameter (MED) had a log-normal distribution in the fine mode with a peak around 200 nm (Subramanian et al., 2010) , the loss of BC particles (greater than 1 µm in diameter) was estimated at less than 10 % of the BC mass Spackman et al., 2008; Kondo et al., 2009) fixed σ ap value of 6.6 m 2 g −1 at 637 nm to convert the absorption coefficient to mass concentration following the manufacture's recommendations. Although the calculation for the present instrument (MAAP) already took into account corrections for removing the multi-scattering effect, this techniques could still overestimated the BC mass concentration by 5-50 % due to coating effects of non-absorbing particles on soot particles (Hitzenberger et al., 2006; Slowik et al., 2007; Chow et al., 2009 ). The largest discrepancy has been found to be associated with the contributions of "brown carbon" (Reisinger et al., 2008) . According to inter-comparison experiments performed at a high mountain site over central Eastern China , the MAAP-measured BC mass concentration in fine mode (<1 µm) was approximately the same as that measured by the particle soot absorption photometer (PSAP, Radiance Research, with inlet heated at 400 • C). Nevertheless, the concentration was approximately 40 % higher than that obtained using an ECOC semi-continuous analyzer (Sunset Laboratory, USA, NIOSH protocol). We divided the all BC data with a factor of 1.4 in converting the MAAP-measured BC mass concentration to an "EC" category. Therefore the expression of "BC" from our observation was exactly referred to EC a which operationally defined as the fraction of carbon that is oxidized above a certain temperature threshold in the presence of an oxygen containing atmosphere (Andreae and Gelencsér, 2006) . Studies carried out in Tokyo (Kondo et al., 2006) showed that mass concentrations based on the NIOSH protocol were about 20 % less than those based on the IMPROVE protocol, and the uncertainty in the absorbance determined using the MAAP was estimated to be 12 % (Petzold et al., 2005) ; therefore, the overall uncertainty was about 25 %.
In situ measurement of the CO mixing ratio was carried out with a commercial gas filter non-dispersive infrared CO gas analyzer (Thermo Scientific. Model 48C, USA, time resolution of 1 min; detection limit: 30 ppbv for a 2-min average) equipped with a Nafion dryer to reduce interference by water vapor in the sampled air. The zero point (baseline of the instrumental signal) was routinely checked in the first 10 min of each hour using purified air, and span calibrations were performed in the ambient environment before (May 2006) and in the middle of the field experiments (December 2007) by injecting standard span gas (1.04 parts per million by volume (ppmv), produced by Nissan-Tanaka Corp., Japan). The difference between the span and zero points demonstrated that the measured CO mixing ratio was about 46 ppbv higher than the standard value, and the ratio was adjusted by 95 % afterward. The instrument baseline in the observation period has a stable linear increasing trend with a drift ratio of 0.4 ppb h −1 ; however, this influence was easily removed by zero-point-deduction operations in subsequent data procedures. The overall uncertainty was estimated to be 5 %. Additional meteorological parameters (wind, RH and temperature) were acquired from the NCEP reanalysis dataset (ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis/ surface/) with a time interval of 6 h at the site grid. and 424.1 ± 159.2 ppbv, respectively for the entire observation period. The hourly mean data show that atmospheric BC loading was high (over 2000 ng m −3 ) mostly in spring and autumn, and the CO concentration was high (over 1000 ppbv) in winter when large amount of biofuel (biomass and agriculture residues) were consumed for residential heating in urban area over North China. Figure 2 illustrates monthly variations of BC and CO concentrations. The CO concentration generally had a winter maximum and summer minimum, and varied greatly in winter owing to the frequent shifting of air masses from the clean continent interior and heavily polluted urban plumes in the heating period (normally from November to March in Northern China). In summer, the CO concentration in the Mt. Huang region apparently decreased owing to frequent intrusions of clean air mass from the Pacific Ocean, and this seasonal trend was confirmed by observations in Eastern China made by MO-PITT (http://www.acd.ucar.edu/mopitt/). A slight reduction in the CO concentration with large variations in November might relate to the uncertainty of having a limited number of data (N = 720) because no obvious changes in pollutant emissions were expected for that season. Seasonal variations in the BC loading show a bimodal distribution with two enhancement periods of BC loading in May and October, consistent with the large-scale burning of crop residues in these two months. The exacerbation of BC pollution probably resulted from the combustion of biomasses. Considering the regional climatology, the increase in the BC concentration was also related to the dynamic transport and planetary boundary layer (PBL) evolution characteristics in the transitional periods of the summer monsoon (May) and winter monsoon (October). In summer (from June to August), the BC concentration decreased to 319.5 (±225.0) ng m −3 , and back trajectory analysis indicated that more than 80 % of air mass in that season came from southern China where the BC emission was relatively weak than north China plain (Streets et al., 2001; Cao et al., 2006 Cao et al., , 2009 Chen et al., 2009) . Wet removal was another key factor of BC declination, albeit there was summer strong thermal vertical convection and the full development of the PBL, which was favorable for uplifting surface pollutants to the high-altitude environment. In winter and spring, monthly mean BC mass concentrations were relatively stable with a mean value of 486.9 ng m −3 the large variations (standard deviation of 372.4 ng m −3 ) mostly resulted from meteorology (PBL stratification, turbulence and transportation) and regional pollutant emissions in surrounding regions.
Diurnal variations
Diurnal variations in BC, CO and BC/ CO at observation site in dry condition (RH<40 %) were shown in Fig. 3 . As expected, BC showed pronounced unimodal distributions with generally higher concentrations in the afternoon (1200∼1600 Local Standard Time (LST)) owing to the development of the PBL and pollution lifting with the valley breeze during the day; the BC concentrations in the daytime (09:00-16:00 LST) were 1359.4 ± 801.8 ng m −3 , 961.9 ± 438.9 ng m −3 , 1662.8 ± 918.7 ng m −3 and 1300.3 ± 1179.9 ng m −3 respectively for spring (March-May), summer (June-August), autumn (September-November) and winter (December, January and February), respectively as shown in Fig. 3a . With suppression of the PBL at night (18:00∼06:00 LST), the BC concentrations at the site decreased to 1164.0 ng m −3 on average in spring, autumn and winter and 822.9 ng m −3 in summer. This pattern was different from that in the urban area where higher BC and CO concentrations reach to maximum in the early morning due to the traffic emissions and shallow boundary layer. In winter the BC concentration peaked earlier at approximately 1500 LST, and decreased quickly afterward owing to the short duration of sunshine. Diurnal variations in CO have seasonal features. As shown in Fig. 3b , fluctuations in the CO concentration were weaker in winter and summer than in other seasons; the mean mixing ratios were 426.4 ± 29.4 and 354.7 ± 23.1 ppbv respectively. As seen in the figure, relatively high CO atmosphere loadings in winter time was observed, which might be due to large-scale fossil fuels burning for heating in Northern China. In summer the stable and lower CO loading were strongly related to the strong mixing of clean air masses from marine regions and urban plumes within the PBL. In autumn, the CO concentration increased obviously from 332.3 ± 167.0 ppbv at night (18:00-06:00 LST) to a maximum (473.7 ± 214.2 ppbv) in the afternoon (17:00 LST). The correlation of BC-CO indicated pollution from certain source categories. In this study, the BC/ CO ratio was derived using the equation (BC-BC 0 )/(CO-CO 0 ). CO 0 (baseline concentrations of CO) were determined as values of the 1.25 percentile of data for spring, summer, autumn and winter, and the results were 109.21, 118.71, 90.81 and 116.1 ppbv for CO 0 respectively. This criterion was applied to investigate the BC/ CO variations in Tokyo, and also Beijing (Kondo et al., 2006; Han et al., 2009) . BC 0 , the background of BC concentration was assumed as zero. The BC/ CO ratio had an approximately unimodal diurnal distribution (Fig. 3c) . The BC/ CO ratios were on average 4.2, 3.7, 4.6 and 3.7 ng m −3 ppbv −1 for spring, summer, autumn and winter respectively. Seasonally, the relatively higher BC/ CO ratio in autumn was owing to burning of biomass in harvest season (Fig. 3b) variations of BC/ CO at urban sites were quite different from this study. In Beijing a high BC/ CO ratio peak (approximately 8 ng m −3 ppbv −1 in the very early morning) was observed due to increased emission from heavy vehicles with diesel engines (Kondo et al., 2006; Han et al., 2009 ).
With gradually cease of heavy duty transportation activities in the urban site and increase of gasoline engine vehicles, BC/ CO ratio gradually decreased till ∼14:00 LT in the afternoon. On the contrary, BC/ CO ratio at Mt. Huang was relatively lower at night owing to intrusion of clean air from the tropopause, and increasing with the development of PBL which transport pollution upwardly at day time. The BC/ CO ratio measured at top of mountain was almost well mixed from different emission sources owing to convections.
Cluster analysis of regional BC and CO correlations
To investigate the relationship between the BC/ CO ratio and the origin of the air mass, 48-hour back trajectory analysis was performed with ensemble approach. For each hour 27 back trajectories with horizontal offset of 1 grid and vertical shift of 0.01 in sigma unit were calculated in the meantime. Input meteorological fields were produced by NCEP Global Data Assimilation System (GDAS) model for four times a day at 00:00, 06:00, 12:00 and 18:00 UTC, the grid resolution was 1 • × 1 • . To eliminate the effect of local wet removal, only BC data for which ambient RH was less than 40 % for their entire air mass pathway were included in the calculations. Normally emission at surface was of particular interest, therefore only the back trajectories passed through mixing layer (determined by Hysplit model), were applied into cluster calculations. Furthermore we also removed the period when number of hotspots detected by MODIS satellite over 10 in the footprint regions. All back trajectory air mass pathways were grouped into three clusters. Cluster #1 indicated air masses from north China and moved across heavily polluted regions in Shanxi, Hebei, Henan and Shandong provinces (Fig. 4a) ; air masses in Cluster #2 mainly came from eastern sector and passed through densely populated urban area in Eastern China regions (Jiangsu, Zhejiang provinces and Shanghai, Fig. 4b ). Cluster #3 comprised the air masses originated from southern of China (Jiangxi, Fujian and Hunan provinces, Fig. 4c ). In Fig. 4 , cities with population over 1 million were also presented for each cluster, and the size of circles was proportional to the yearly mean PM 10 mass concentrations which derived from daily API values for 85 Chinese cities using the government-published routine method as described by Qu et al. (2010) .
BC-CO correlations for each cluster were shown in Fig. 4d . Tight correlations between BC and CO were observed for all clusters (R = 0.87 for Cluster #1, 0.94 for Cluster #2 and 0.90 for Cluster #3). BC-CO relationship highly depended on sources and sinks in the context of pollution transportation, and the BC/ CO ratio reported here was regionally representative on the basis of four considerations.
(1) A dry deposition velocity of less than 1 mm s −1 was documented for sub-micron aerosol particles (MED of BC typically ranges 200-600 nm), suggesting a removal rate of about 10 % per day (Derwent et al., 2001) , which was within the overall uncertainty of the MAAP instrument. CO could be well conserved in the atmosphere with the life time of ∼1 month against oxidation by OH. (2) For BC aging processes (e.g., oxidation, condensation and coagulation in the atmosphere), which dominated solubility and thus the removal rate of BC particles, modeling studies have suggested an exponential lifetime of 40-80 h (Cooke and Wilson, 1996) . Croft et al. suggested a conversion timescale of 4.9 days for altering hydrophobic BC to hydrophilic/mixed BC through physical and oxidation processes (Croft et al., 2005) . Here we filtered the data according to the criterion of RH (<40 %) conditions at which aerosol hygroscopicity was very weak even when aerosols were coated by sulfate and nitrate substances (Pan et al., 2009) . (3) Baumgardner et al. (2002) and Subramanian et al. (2010) suggested that ambient air dilution and dispersion should not appreciably alter the ratio of the two species near the source region despite the different thermal velocities and diffusion coefficients of BC and CO. (4) BC and CO from different emissions were well mixed during 48 h of convection, and BC/ CO here referred to a typical value on a regional scale instead of ratios of one specific emission types. Statistical results of BC and CO concentrations and BC-CO correlation were summarized in Table 1 .
For Cluster #1, the mean CO and BC mass concentration was 395.6 ± 161.9 ppbv and 1357.0 ± 1173.5 ng m −3 respectively, and BC/ CO ratio was 6.5 ± 0.43 ng m −3 ppbv −1 , and the x-intercept of the BC-CO correlation was 184.7 ± 17.5 ppbv; footprint calculations revealed that the pollutions mostly come from Anhui, Henan provinces, and the emission from south part of Shanxi and west part of Shandong provinces also partially contributed to the high pollution loadings in the observation site. Regard to Henan province, over 75 % of BC emissions were from domestic sector, however the latter only accounted for about 42 % of CO emissions (Streets et al., 2006) . It was the same as the situation in Shanxi province; domestic activities contributed about 63.5 % of BC emission and only 15.5 % of CO emissions respectively, and industry such as coal and chemical production, power generation, and metal refining hold over 47.3 % of CO emissions, which could have great influence on BC-CO relationship. According to INTEX-B inventory, the mean BC/ CO ratios of anthropogenic emissions were approximately 9.7 and 8.4 ng m −3 ppbv −1 for Henan and Anhui provinces in Standard Temperature and Pressure state, about 39 % higher than our results averagely.
BC and CO concentrations from Cluster #2 had means of 645.1 ng m −3 and 237.0 ppbv. Studies at Nanjing (Latitude: 32.1 • N, Longitude: 118.7 • E) showed that the yearly mean CO and NO concentration were 1130 ± 880 ppbv and 10.6 ± 24.5 ppbv, respectively and the high CO concentration in Nanjing was attributed to the low traffic speed and the congested traffic in the local urban area and gas/oil consumptions in surrounding industrial areas (Tu et al., 2007) . In this study, BC/ CO ratio value was 8.8 ± 0.9 ng m −3 ppbv −1 , comparable to the value (10.1 gBC/ gCO, about 8.1 ng m −3 ppbv −1 assuming in STP conditions) obtained in Shanghai mega city (Zhou et al., 2009) , and higher than that in Beijing mega city for BC/ CO ratio ranging from 3.5 ng m −3 ppbv −1 (winter) to 5.8 ng m −3 ppbv −1 (fall). The relatively high BC/ CO ratio from Cluster #2 mostly resulted from significant contributions of carbonaceous matter from domestic, transportation and industry sources. According to China Energy Statistics Yearbook 2006, percentage of diesel vehicles in Shanghai area was about 2 times higher than that in Beijing, and diesel fuel consumption was even about 5.3 times higher in 2005, even with nearly same gasoline and kerosene (C11-C16) consumption (Zhou et al., 2009 ). Studies at Tokyo and Beijing urban site also highlighted the significant impact of heavy diesel duty vehicles on BC/ CO ratios. As a large container port in China the densely shipping and combustion of low-quality bunker fuels in containers and other marine vessels could be another reason for the higher BC/ CO ratio from this Region. Our result was 50 % higher than the BC/ CO ratios of anthropogenic emissions from Jiangsu (6.1 ng m −3 ppbv −1 ) and Zhejiang (5.9 ng m −3 ppbv −1 ) province in Standard Temperature and Pressure state.
In Cluster #3, CO and BC mass concentrations of air masses arriving at the study site were 285.8 ± 122.8 ppbv and 740.9 ± 849.0 ng m −3 respectively. Footprint analysis demonstrated that pollution emission from northern Jiangxi and northwestern of Fujian provinces substantially contributed to high BC and CO loading at the site. The BC/ CO ratio had a mean of 6.5 ± 0.2 ng m −3 ppbv −1 , relatively lower than the BC/ CO ratios derived from inventory (9.0 ng m −3 ppbv −1 for Fujian provinces and 7.8 ng m −3 ppbv −1 for Jiangxi province).
Characteristics in open biomass burning cases
Combining with hotspots information detected by MODIS and CALIPSO satellites, two cases when biomass burning played a dominant role on high BC mass concentrations were selected. Table 2 summarized statistic results of BC and CO mass concentrations, and the BC-CO scatter plots for two cases were shown in Fig. 5 . As shown, High Pearson correlation coefficient (R > 0.9) for each episode were observed. All RH of air masses were less than 40 % along 48-hour back trajectories, indicating that the loss of BC during the transport could be minor. On October 22-23 (Case 1), air masses were nearly stagnant south of the observation site (Fig. 6) , and 35 hotspots were confidently detected by the MODIS satellite. CALIPSO satellite results also indicated heavy "smoke" plumes at a 2-3 km altitude distributed over 25 • N-30 • N in Southern China (Fig. 6b) . CO and BC mass concentrations significantly increased to 2927.6 ± 1354.5 ng m −3 , the maximum BC concentration even reached to 5346.2 ng m −3 , and the mean BC/ CO was 11.6 ± 0.5 ng m −3 ppbv −1 , which was comparable those reported for Texas that BC/ CO exceeded 9 ng kg −1 ppbv −1 (equal to 11.1 ng m −3 ppbv −1 assuming air density of 1.25 kg m −3 ) in biomass burning plumes . On 6-8 January 2008 (Case 2) another biomass burning influencing episode was observed. More than 800 hotspots in surrounding regions were detected by MODIS, and more than 60 cities exceeded the class 2 limit value (150 µg m −3 daily) of the National Ambient Air Quality Standard. Daily PM 10 mass concentrations in urban areas along the air mass back trajectories were 182.2 µg m −3 (on 6 January) and 220.0 µg m −3 (on 8 January). According to vertical profile information provided by CALIPSO observations, the pollution in the 25 • N-32 • N latitude range was related to "smoke" and "polluted continental" plumes (Fig. 6d) , and the aerosol optical depth at 550 nm observed by MODIS in this region exceeded 0.9 (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui. cgi?instance id=aerosol daily). Mean BC and CO concentrations were 3105.6 µg m −3 and 592.2 ppbv respectively, and the BC/ CO ratio was 10.3 ± 0.3 ng m −3 ppbv −1 . According to footprint analysis, open biomass burning events mostly occurred in Hunan and Jiangxi provinces where over 32.9 % and 10.7 % of crop residues were burned outdoors annually (2007 Rural statistical Yearbook of China), and unhusked rice and ramie were their major commercial crops there. Observations in India indicated strong BC emissions during the forest fire season, with a BC/ CO ratio of 28.5 (µg m −3 )/(µg m −3 ) (Badarinath et al., 2007) , much higher than our results. The types of burning mass and combustion conditions could be of great importance to investigate the BC-CO relationship.
BC loss rate on RH
As mentioned above, major uncertainties of BC/ CO ratio came from rain washout and the dry deposition processes (they collide or absorb with other hydrophilic substances, gradually grew larger in the higher RH environment, and subsequently were removed from atmosphere according to gravitational settling and turbulence transportation) of BC particles. To highlight the loss rate of BC on RH, the relationship between BC/ CO ratio and RH was presented. Figure 7 showed scatter plot of the BC/ CO ratio on RH in the absent of rain along transportation path. For better expression, RH was divided into three ranges (RH > 70 %, 70 % > RH > 40 % and RH < 40 %), and only BC data that met the required RH criterion for the entire air mass pathway were used in calculations. Statistical results for each cluster were summarized in Table 3 . The Table showed that more than 90 % of BC could become hygroscopic as a result of coagulation and aging processes and was lost during the 48 h transport. The linear fitting result showed that the dependency of BC/ CO ratio on RH have slope of −0.13, −0.15 and −0.10 for Cluster #1, Cluster#2 and Cluster #3. As shown in Fig. 7 , the BC loss rate of air masses from Eastern China Region (Cluster #2, red line) was slightly larger than that from Cluster #1 (black line) and Cluster #3 (blue line). The coating compounds such as water-soluble inorganic salts (e.g., sulfate and nitrate) and organic carbon matters were the key factors in determining the final removing efficiency of BC. Observation showed that secondary pollution in Shanghai mostly resulted from significant increase of sulfate and nitrate aerosol which were oxidized from anthropogenic SO 2 and NO 2 owing to high atmospheric oxidation ability in urban area (Du et al., 2011) , supporting our discussion. Correspondingly higher proportion of water soluble inorganic matters for aged aerosol particles could also be the possible explanation of quick removing rate of BC from Cluster #2. Previous study also indicated that secondary organic carbon accounted for a high portion of the total organic matters in PM 2.5 particulate matters throughout whole observation period at downtown of Shanghai city (Yang et al., 2005) , and about 30 % of the total carbon was water soluble, and unresolved complex mixture and fatty acids were the most abundant components quantified in solvent extractable organic compounds in Shanghai city (Feng et al., 2006) . Besides, the high proportion of primary organic matter (normally hydrophobic) in the PM 2.5 category from southeast China than that from Eastern China might be another reason for a lower loss rate of aerosol particles for Cluster #3 (Han et al., 2008) . Table 4 listed BC/ CO ratios measured by some previous studies in different regions, and variations in the BC/ CO ratio for urban plumes and burning biomass were observed. For urban plumes, observations of the BC/ CO ratio have not always agreed well from region to region owing to the diverse mixture of emission sources. According to footprint analysis, the BC/ CO ratio of urban plumes in Yangtze River Delta Region was 8.8 ± 0.9 ng m −3 ppbv −1 , larger than the results ( BC/ CO ratio of 5.7 ± 0.14 ng m −3 ppbv −1 ) reported in Tokyo area (Kondo et al., 2006) , and that (3.5∼5.8 ng m −3 ppbv −1 ) in Beijing area . Their studies emphasized the intake air temperature dependence of vehicles engines on BC and CO emissions, and CO emissions would increase during the warming-up of a vehicle under cold conditions when the temperature of the catalyst was not sufficiently high. As mentioned in Section 4 relatively higher BC/ CO ratio in Cluster #2 could be attributed to high percentage of diesel vehicles of on-road transportation and less-combustion efficiency containers handling equipment and marine vessels in this region. An observational study (Zhou et al., 2009 ) performed in both Beijing and Shanghai mega cities with Aethalometer (Magee Scientifc, Berkeley, California, USA, Model AE-21) showed that the BC/ CO ratio (10.1 gBC/ gCO, about 8.1 ng m −3 ppbv −1 assuming in STP conditions) from Shanghai was over twice higher than that (3.0 ng m −3 ppbv −1 ) in Beijing urban areas, supporting our conclusion. Recent studies using DRI2001A carbonaceous aerosol analyzer (with IMPROVE protocol) in Taiwan reported a spatially averaged BC/ CO value of 5.3 ng m −3 ppbv −1 (Chou et al., 2010) . Bottom-up statistical method (INTEX-B emission inventory 2006) showed that the mean BC/ CO ratios of anthropogenic emissions were approximately 4.1 ng m −3 ppbv −1 for the Yangtze River Delta region, about 50 % lower than the our results. McMeeking et al. (2010) pointed out that the BC/ CO ratio in Europe urban plumes ranged from 0.8 to 6.2 ng m −3 ppbv −1 , and the highest BC/ CO ratio was observed for the areas classified as far-outflow and background (ratio of O 3 /NO x > 10), where air masses were more chemically processed. This attribution highlights the importance of emission sources over BC or CO processing and removal mechanisms (McMeeking et al., 2010) . In the present work, the BC/ CO ratio for episodes of burning biomass were 12.4 ± 1.5 ng m −3 ppbv −1 , comparable to the measurements for Texas and values reported for regions in India (Dickerson et al., 2002) . Regional Emission inventory in Asia also reported BC/ CO ratios of 11.0, 11.2, 11.8, 11.4 and 11.0 ng m −3 ppbv −1 for open burning of crop residue in Anhui, Hebei, Henan, Jiangsu and Shandong provinces respectively (Yamaji et al., 2010) . Owing to such large observed variations and uncertainties concerning the photochemical processing, great concern should be taken when implementing evaluating emission inventories, and more comprehensive analyses of carbonaceous chemical and physical properties were urgently needed.
Comparison with other studies and discussions
Conclusions
The BC mass concentration and CO mixing ratio were measured at the summit of Mt. Huang from June 2006 to May 2009 to investigate the BC-CO relationship of urban plumes from different regions in Eastern China. The seasonal variation in the BC concentration had a bimodal distribution with a minimum in summer and two peaks in May and October, when there was large-scale burning of crop residues. The CO concentration increased sharply in the winter "heating period" in Northern China, and the yearly mean BC and CO concentrations were 1004.5 ± 895.5 ng m −3 and 424.1 ± 159.2 ppbv respectively. At Mt. Huang, BC/ CO ratio showed slightly unimodal diurnal variations, with maxima during the day (09:00-17:00 LST) and minima at night (21:00-04:00 LST) owing to the uplift of pollution with the transport of valley breeze and PBL development during the day and intrusions of clean air from the upper troposphere at night. Cluster analysis using data for which the ambient RH was less than 40 % for the whole 48 hour back trajectories indicated that the BC/ CO ratios of plumes from northern, eastern and southern regions of China were 6.5 ± 0.4, 8.8 ± 0.9 and 6.5 ± 0.2 ng m −3 ppbv −1 respectively. Two biomass burning cases were presented in this study, and the BC/ CO ratios were 10.3 ± 0.3 ng m −3 ppbv −1 and 11.6 ± 0.5 ng m −3 ppbv −1 . Furthermore, the loss of BC during transport was also estimated on the basis of the BC/ CO-RH relationship along air mass pathways. Results showed that BC can be significantly scavenged when air mass traveled under higher RH conditions for 2 days and linear fitting result indicated that the slope of BC/ CO-RH relationship for Eastern China was −0.15 ng m −3 ppbv −1 % −1 , which implying a quick loss rate of BC than that from other regions (−0.13 ng m −3 ppbv −1 % −1 and −0.10 ng m −3 ppbv −1 % −1 for northern, and southern parts of China). Coatings of aged particles by water soluble compound from this Region would be the most likely explanations.
